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Abstract

The Escherichia coli MutL protein regulates the activity of several enzymes, including MutS, MutH, and UvrD,
during methyl-directed mismatch repair of DNA. We have investigated the self-association properties of MutL
and its binding to DNA using analytical sedimentation velocity and equilibrium. Self-association of MutL is quite
sensitive to solution conditions. At 25 °C in Tris at pH 8.3, MutL assembles into a heterogeneous mixture of large
multimers. In the presence of potassium phosphate at pH 7.4, MutL forms primarily stable dimers, with the
higher-order assembly states suppressed. The weight-average sedimentation coefficient of the MutL dimer in
this buffer (s̅20,w) is equal to 5.20 ± 0.08 S, suggesting a highly asymmetric dimer (f/fo = 1.58 ± 0.02). Upon
binding the nonhydrolyzable ATP analogue, AMPPNP/Mg2+, the MutL dimer becomes more compact (s̅20,w = 5.71
± 0.08 S; f/fo = 1.45 ± 0.02), probably reflecting reorganization of the N-terminal ATPase domains. A MutL dimer
binds to an 18 bp duplex with a 3′-(dT20) single-stranded flanking region, with apparent affinity in the
micromolar range. AMPPNP binding to MutL increases its affinity for DNA by a factor of ∼10. These results
indicate that the presence of phosphate minimizes further MutL oligomerization beyond a dimer and that
differences in solution conditions likely explain apparent discrepancies in previous studies of MutL assembly.
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In Escherichia coli, DNA replication errors are primarily corrected by the methyl-directed mismatch repair (MMR)
pathway.(1) The MutL protein plays a central role in this process by regulating a number of events from
mismatch recognition to DNA duplex unwinding.(2-4) MMR begins with recognition of the aberrant base pair by
a MutS dimer in a process requiring ATP.(5) Subsequently, MutL, in an ATP-bound form, interacts with the
MutS–DNA complex,(2, 6, 7) which activates a latent endonuclease associated with MutH. MutH then introduces
a nick into the unmethylated (newly replicated) DNA strand at the nearest hemimethylated d(GATC) site, which
can be positioned on either side of the mismatch.(8) The mechanistic details of this process are not fully
understood, although models have proposed either looping of the intervening DNA or conversion of MutS into a
sliding clamp that can then search for the nearest hemimethylated site.(9-12) In the next step, MutL recruits the
UvrD protein, a 3′ to 5′ superfamily 1 (SF 1) DNA helicase,(13-15) to the nicked DNA substrate. In MMR, UvrD
initiates DNA unwinding from the nick and proceeds past the mismatch, which can be as long as 1–2 kb in
length.(16) The unwound nascent DNA strand is digested by cellular exonucleases,(17, 18) resulting in a gap that
is then filled in by DNA polymerase III, with the final nick sealed by DNA ligase.(19)
The mechanism by which MutL stimulates the UvrD helicase, which by itself has a rather low unwinding
processivity,(20) to unwind longer stretches of DNA is not fully understood.(21) It has been shown that MutL
increases the unwinding activity of UvrD in vitro more than 1 order of magnitude under multiple-turnover
conditions(22) and that the C-terminus of MutL interacts with the N- and C-termini of UvrD.(23)

MutL possesses a weak ATPase activity that is essential for MMR and is further stimulated ∼5-fold by singlestranded DNA (ssDNA) binding.(6, 24, 25) Moreover, ATP binding by MutL, but not hydrolysis, is required to
stimulate the activity of UvrD.(6)On the basis of these observations, a model was proposed in which MutL
functions by continually loading multiple UvrD helicases onto a DNA substrate, thus facilitating unwinding of
long stretches of DNA.(21, 26) It was also suggested that MutL loads UvrD onto the appropriate DNA strand to
ensure that unwinding will proceed in the direction of the mismatch.(21, 26) This would prevent bidirectional
DNA unwinding from the nick, as was observed in vitro in the absence of MutL.(15, 27)
UvrD self-associates into dimers and tetramers in vitro.(28) Furthermore, pre-steady state kinetic experiments
demonstrated that the UvrD dimer possesses helicase activity.(29-33) Although a UvrD monomer is capable of
translocating along ssDNA with 3′ to 5′ directionality and high processivity, a monomer does not unwind DNA
processively in vitro.(34-36) Therefore, a plausible mechanism for explaining the stimulation of the helicase
activity of UvrD by MutL could be that MutL stabilizes the UvrD dimer (or a higher-order oligomer). Alternatively,
MutL may activate the helicase activity of the UvrD monomer. This could be accomplished by relieving the
autoinhibition function of the 2B subdomain of UvrD. Such autoinhibitory activity of the 2B subdomain was
unequivocally demonstrated for the Rep helicase.(37)
Crystal structures are available for both the N- and C-terminal regions of the E. coli MutL protein. The C-terminal
20 kDa region of MutL crystallizes as a dimer,(7) whereas the N-terminal 40 kDa ATPase domain of MutL
crystallizes as a monomer in the absence of nucleotide; however, a dimer is observed in the presence of a
nonhydrolyzable ATP analogue, with one AMPPNP bound per subunit. In this structure, part of the protein–
protein interface and the lid of the ATP binding pocket are created upon folding of ∼60 amino acid residues
surrounding the nucleotide binding site.(24, 38)
On the basis of glycerol gradient centrifugation and gel filtration chromatography [at 3 °C in 50 mM potassium
phosphate (pH 7.4), 50 mM KCl, 0.1 mM EDTA, and 1 mM DTT], MutL was reported to be an elongated
dimer.(39) The dimensions of the MutL dimer calculated from light scattering experiments [at 24 °C in 20 mM
Tris (pH 8.0), 200 mM KCl, 5 mM MgCl2, 1 mM DTT, and 0.1 mM EDTA](7) differ substantially from the values
obtained in the gel filtration experiments. Both sets of experiments were performed in different buffer and
temperature conditions, and the effect of MutL concentration on the assembly state of MutL was not examined
systematically.

MutL seems to be a very versatile macromolecule: it interacts with and regulates activities of many proteins
participating in MMR.(1, 21) To decipher the molecular mechanism of this regulation and to understand how
MutL stimulates UvrD helicase activity, it is necessary to understand the self-assembly properties of MutL and its
interaction with DNA. Toward this end, we have examined the self-association properties of MutL over a range
of solution conditions using both sedimentation equilibrium and velocity methods, as well as its interaction with
an 18 bp DNA duplex possessing a 3′-dT20 tail [3′(dT20)-ds18].

Materials and Methods
Buffers

Buffers were made with reagent grade chemicals and distilled water that was further deionized by treatment
with a Milli-Q water purification system (Millipore Corp., Bedford, MA). Spectrophotometric grade glycerol was
from Aldrich (Milwaukee, WI). Buffer K consisted of 24.3 mM KH2PO4, 5.7 mM K2HPO4, 50 mM KCl, 2 mM 2mercaptoethanol, and 0.2 mM PMSF (pH 7.4 at 25 °C). For the composition of all others buffers, see Table 1.
Stock solutions of AMPPNP (5′-adenylylimidodiphosphate lithium) (Sigma-Aldrich, St. Louis, MO) were prepared
in Milli-Q H2O, neutralized to pH 7.5 by titration with NaOH, and stored in 10 μL aliquots at −20 °C. The AMPPNP

concentration was determined spectrophotometrically using an extinction coefficient of 15.4 × 103 M–1 cm–1 at
259 nm.
Table 1. Compositions of Buffers
buffer
TGN10/20
/20
M
M+Tris
M20/20
N20/20

composition
10 mM Tris (pH 8.3 at 25 °C), 20% (v/v) glycerol, 20 mM NaCl, 1 mM 2-mercaptoethanol
40.5 mM KH2PO4, 9.5 mM K2HPO4 (pH 7.4 at 25 °C), 50 mM KCl, 0.1 mM EDTA, 1 mM 2mercaptoethanol
10 mM Tris (with desired pH), 50 mM KCl, 0.1 mM EDTA, 1 mM 2-mercaptoethanol
40.5 mM KH2PO4, 9.5 mM K2HPO4 (pH 7.4, 25 °C), 20% (v/v) glycerol, 20 mM NaCl, 0.1 mM EDTA,
1 mM 2-mercaptoethanol
40.5 mM NaH2PO4, 9.5 mM Na2HPO4 (pH 7.4, 25 °C), 20% (v/v) glycerol, 20 mM NaCl, 0.1 mM
EDTA, 1 mM 2-mercaptoethanol

MutL Expression and Purification

MutL was expressed and purified to greater than 98% homogeneity as described previously,(39) but with the
following modifications. BL21(DE3)pLysS cells were freshly transformed with MutL expression plasmid L1-pET3a,
kindly provided by P. Modrich (Duke University Medical Center, Durham, NC). Cells were grown at 37 °C in 4 L of
LB broth(40) supplemented with 1% glucose (w/v), 4 μg/mL thymine, 10 μg/mL thiamine, 10 mM potassium
phosphate (pH 7.4 at 25 °C), 100 μg/mL ampicillin, and 35 μg/mL chloramphenicol. MutL expression was induced
at an OD600 of 1.0 with 1 mM IPTG for 3.5 h. All purification steps were performed at 4 °C. Cells (25 g) were
resuspended in ice-cold buffer containing 50 mM potassium phosphate, 1 mM EDTA, 2 mM 2-mercaptoethanol,
and 0.2 mM PMSF (pH 7.4 at 25 °C) using 7 mL of buffer/g of paste. The suspension was incubated on ice for 30
min to allow disruption of bacterial cell walls by lysozyme expressed by plasmid pLysS, followed by incubation
for 30 min with 0.05% (w/v) sodium deoxycholate. The viscosity of the lysate was reduced by sonication on ice
for 2–5 min using 15–30 s bursts at 50% duty and a power setting of 7 (model W225, Heat System-Ultrasonics,
Inc., Farmingdale, NY). Streptomycin sulfate and ammonium sulfate precipitation was performed as described
previously.(39) An ammonium sulfate pellet was dissolved in 200 mL of buffer K, and the resulting solution was
clarified by centrifugation at 13000 rpm for 45 min and divided into two 100 mL pools that were purified
sequentially on a ceramic hydroxyapatite column (CHT type I, Bio-Rad, Hercules, CA). The protein solution (100
mL) was loaded (10 mL/min) onto ceramic hydroxyapatite resin (50 mL) equilibrated with buffer K while being
mixed with buffer K such that the conductivity was no higher than that of buffer K containing 75 mM potassium
phosphate. Hydroxyapatite chromatography was performed as described previously.(39) Fractions containing
MutL were pooled and loaded onto a Poros 50 HS strong cation exchange column (50 mL) (Applied Biosystems,
Foster City, CA) equilibrated with buffer K. The column was loaded (10 mL/min) while the protein solution was
being mixed with buffer containing 30 mM potassium phosphate, 2 mM 2-mercaptoethanol, and 0.2 mM PMSF
(pH 7.4 at 25 °C) to reduce the KCl concentration to 75 mM. The column was washed with buffer K (200 mL) and
eluted with a 500 mL linear gradient of KCl (50 to 400 mM) in 30 mM potassium phosphate, 2 mM 2mercaptoethanol, and 0.2 mM PMSF (pH 7.4 at 25 °C). MutL elutes at 300–350 mM KCl. Fractions
containingMutL were pooled and dialyzed overnight versus buffer K. After clarification by centrifugation at
13000 rpm for 45 min, the protein was loaded (2 mL/min) onto a ssDNA cellulose column (50 mL) equilibrated
with buffer K and washed with buffer K (200 mL) and then buffer (300 mL) containing 30 mM potassium
phosphate, 100 mM KCl, 2 mM 2-mercaptoethanol, and 0.2 mM PMSF (pH 7.4 at 25 °C). MutL was eluted with
30 mM potassium phosphate, 250 mM KCl, 2 mM 2-mercaptoethanol, and 0.2 mM PMSF (pH 7.4 at 25 °C), and

pooled fractions were dialyzed versus storage buffer (buffer M). MutL aliquots in buffer M were flash-frozen in
liquid nitrogen and stored at −80 °C (5–6 μM monomer).
Prior to being used in the experiments, MutL protein was thawed at 10 °C in an ice/water bath, centrifuged at
14000 rpm for 15 min at 4 °C, and dialyzed extensively into the appropriate buffer at 4 °C. The extinction
coefficient of the MutL monomer in buffer M20/20 (ε280 = 50172 ± 1204 M–1 cm–1) was determined
experimentally as described previously.(41)

DNA

Oligodeoxynucleotides were synthesized using an ABI model 391 DNA synthesizer (Applied Biosystems) and
purified as described previously.(42, 43) The DNA used in this study [3′ss(dT)20ds18-Cy3] consisted of an 18 bp
duplex with a 3′-(dT)20 single-stranded tail labeled with a Cy3 fluorophore at the 5′-end of the strand with a 3′ssDNA tail. The sequence of the strand without the 3′-ssDNA tail was 5′-GCCTCGCTGCCGTCGCCA-3′.
Oligodeoxynucleotides were dialyzed into 10 mM Tris-HCl (pH 8.3) and stored at −20 °C, and the concentration
was determined spectrophotometrically as described previously(44) using an extinction coefficients of 5000 M–
1
cm–1 for Cy3 at 260 nm and 150000 M–1 cm–1 at 550 nm (Glenn Research, Sterling, VA). We created the duplex
DNA by mixing a 1:1 molar ratio of the two strands in 10 mM Tris-HCl and 50 mM NaCl (pH 8.3 at 25 °C), heating
the sample to 95 °C for 5 min, and then cooling it to room temperature over a period of 2 h. Duplex formation
was confirmed by native polyacrylamide gel electrophoresis on a 10% acrylamide gel. DNA was dialyzed versus
the appropriate buffer using 8000 Da molecular mass cutoff dialysis tubing (Spectrum Medical Industries, Inc.,
Houston, TX). The concentration of 3′ss(dT)20ds18-Cy3 in buffer M20/20 was determined spectrophotometrically
using an ε550 of 126311 ± 2114 M–1 cm–1 at 550 nm (ε260 = 460563 ± 9011 M–1 cm–1, and ε280 = 277722 ± 6953 M–
1
cm–1).(28)

Analytical Ultracentrifugation

Dialyzed protein and DNA samples were filtered (0.22 μm centrifugal filter devices, Ultrafree-MC, Millipore
Corp., Bedford, MA) by centrifugation at 6000 rpm for 5 min at 4 °C. Sedimentation equilibrium and velocity
experiments were performed using a ProteomeLab XL-A analytical ultracentrifuge equipped with an An50Ti
rotor (Beckman Coulter, Fullerton, CA) at 5 or 25 °C. Absorbance data for MutL in the absence of DNA and
AMPPNP were collected by scanning the sample cells at wavelengths of either 230 or 280 nm depending on the
MutL concentration. In experiments performed with AMPPNP, the nucleotide at the same final concentration
was placed in the reference channel of the centerpiece. Experiments performed with 35 μM AMPPNP were
conducted at 230 or 280 nm. The contributions from the absorbance of 35 μM AMPPNP at the highest MutL
concentration used (3.78 μM MutL monomer) were 27 and 7% at 280 and 230 nm, respectively. For experiments
performed with increasing AMPPNP concentrations, the cells were scanned at 292 nm where the absorbance of
the nucleotide cofactor is minimal. Experiments performed with Cy3-labeled DNA were scanned at 550 nm.
There was no absorbance change accompanying binding of MutL to 3′ss(dT)20ds18-Cy3 duplex DNA.(28)
For sedimentation equilibrium, samples (120 μL) were loaded into the three channels of an Epon charcoal-filled
six-channel centerpiece with 122 μL of buffer in the reference chambers. Absorbance data were collected by
scanning the sample cells at wavelength intervals of 0.001 cm in the step mode with seven averages per step.
Each experiment was conducted at three or four rotor speeds, starting with the lowest and finishing with the
highest rotor speed. At each speed, samples were sedimented until they reached equilibrium (defined as
successive superimposable scans taken 2 h apart). Sedimentation equilibrium data were edited using REEDIT (J.
Lary, National Analytical Ultracentrifugation Center, Storrs, CT) to extract the data between the sample
meniscus and the bottom of the cell chamber. The resulting concentration profiles were fitted to a sum of
exponential terms (eq 1) using a nonlinear least-squares (NLLS) routine

(1)
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where AT is the total absorbance at radial position r, A0,i is the absorbance of component i at the reference
position (rref), and b is the baseline offset. The reduced molecular mass of component i, σi = [Mi(1 – υ̅iρ)ω2]/RT,
where Mi is the molecular mass, υ̅i is the partial specific volume, ρ is the buffer density, ω is an angular velocity
of the rotor, T is the absolute temperature, and R is the gas constant. ρ was calculated from buffer composition
using Sedenterp.(45) The NLLS fitting program WinNonlin(46) was used for analysis of concentration profiles
obtained for a system with a single species (n = 1 in eq 1), whereas data for a multicomponent system (n > 1 in
eq 1) were fitted with Scientist (Micromath Scientific Software, St. Louis, MO). The global NLLS fit of the
absorbance profiles to eq 1 returns M for each component. For MutL at 25 °C, υ̅ = 0.7414 mL/g as calculated
from the amino acid composition according to eq 2(47) as implemented in Sedenterp,(45) where ni is the
number of amino acids of type i.
(2)
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Partial specific volumes at temperature T were calculated from the relationship υ̅T = υ̅25 + 4.25E–4(T –
25).(48) The partial specific volume for 3′ss(dT)20ds18-Cy3 duplex DNA was obtained experimentally by
conducting sedimentation equilibrium experiments at three different loading concentrations (1.2, 2, and 4 μM)
and four rotor speeds (18000, 22000, 27000, and 33000 rpm) at 25 °C in buffer M20/20. Absorbance data were
collected at 550 nm, and 12 concentration profiles were fitted globally by NLLS methods with
WinNonlin(46) using a single-ideal species model (n = 1 in eq 1). From the best fit value of the reduced molecular
mass, a υ̅DNA value of 0.5871 ± 0.0178 mL/g at 25 °C was calculated, assuming a molar mass calculated from the
DNA composition (MCy3-DNA = 17594.79 g/mol). The weight-average υ̅ for the MutL2–DNA complex (υ̅MutL2–DNA =
0.7237 ± 0.002 mL/g) and MutL2 bound to AMPPNP in the absence (υ̅MutL2–AMPPNP = 0.7392 mL/g) and
presence of DNA (υ̅MutL2–DNA–AMPPNP2 = 0.7219 ± 0.002 mL/g) at 25 °C were calculated from υ̅ and molar
masses of the individual components (MMutL2 = 135847.9 g/mol; MAMPPNP = 506.2 g/mol) according to
eq 2(47) (using υ̅ATP = 0.4421 mL/g). The buoyant molecular weight of the complex can be calculated from the
molar mass and the weight-average partial specific volume of the complex, with the equation Mb = M(1 – υ̅ρ).
In sedimentation velocity experiments, the sample (380 μL) and buffer (392 μL) were loaded into each sector of
an Epon charcoal-filled two-sector centerpiece. Experiments were performed at 25 or 5 °C and 42000 rpm.
Absorbance data were collected every 2.5 min by scanning at the selected wavelength (230, 280, 292, or 550
nm) at intervals of 0.003 cm with one average in a continuous scan mode. The continuous sedimentation
coefficient distribution, c(s), was calculated using SEDFIT.(49, 50) The molar mass of the macromolecule can be
estimated from the best fit values of sedimentation (s) and diffusion (D) coefficients according to eq 3.(51)
(3)

𝑀𝑀 = 𝑠𝑠𝑠𝑠𝑠𝑠/[𝐷𝐷(1 − 𝜐𝜐̅ 𝜌𝜌)]

Calculated s values were converted to s20,w using Sedenterp.(45)Buffer density and viscosity were calculated
from buffer composition using the tabulated values in Sedenterp.(45) Weight-average sedimentation

coefficients (s̅20,w) were calculated by integration of the area under the c(s) curves.(52) The frictional coefficient
ratio (f/fo), where f is the frictional coefficient of the macromolecule and fo is the frictional coefficient of a
hydrated sphere of equivalent mass, was calculated using eq 4
(4)
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where η, ρ, and υH2O0 are the viscosity, density, and partial specific volume of pure water at 20 °C,
respectively, NA is Avogadro’s number, and δ is the macromolecule hydration in grams of water bound per gram
of macromolecule.(53, 54) An estimated value of the degree of hydration for MutL equal to δ (0.2806 g of water
bound/g of protein) was used, based on the amino acid sequence of MutL and the method of Kuntz(55) as
implemented in Sedenterp and applying the correction of Lin et al.,(56) which takes into account the fact that
only ∼70% of the water molecules calculated by Kuntz’s method seems to be associated with folded proteins.
For 3′(dT20)-ds18-Cy3 DNA, a δ value of 0.497 g of water bound/g of DNA was used. This value was calculated on
the basis of the weight-average contribution of single-stranded and double-stranded regions in the DNA
molecule and the following published values: δdsDNA = 0.55 g of water bound/g of DNA, and δssDNA = 0.40 g of
water bound/g of DNA.(57, 58) For a MutL dimer bound to 3′(dT20)-ds18-Cy3 DNA, a δ value of 0.305 g of water
bound/g of protein–DNA complex was calculated from the weight-average of hydration of the MutL dimer and
hydration of the DNA molecule.

Analysis of AMPPNP and DNA Binding to MutL

For AMPPNP binding to a MutL dimer [total concentration of MutL dimer (M2,T) of 1.75 μM], the dependence of
the weight-average sedimentation coefficient (s̅20,w) on total AMPPNP concentration ([XT]) was analyzed
assuming two identical and independent nucleotide binding sites per MutL dimer, returning a stepwise
microscopic association constant (k). Data were fit to eq 5 using the Scientist program (Micromath Scientific
Software)
(5)

𝑠𝑠̅20,w =

𝐶𝐶 × 2𝑘𝑘[Xf ] + 𝐷𝐷
1 + 𝑘𝑘[Xf ]

where C and D are the s̅20,w values for fully saturated and AMPPNP free MutL dimer, respectively, and [Xf] is the
concentration of free AMPPNP, equal to [XT]/(1 + 2k[M2,f] + 2k2[M2,f][Xf]), where [M2,f] is the concentration of
free MutL dimer, equal to [MT]/(1 + 2k[Xf] + k2[Xf]2).
For DNA binding experiments (total DNA concentration, [Dt], of 1.4 μM), the dependence of s̅app on total MutL
dimer concentration ([M2,T]) was analyzed using a 1:1 binding isotherm model to obtain an apparent association
equilibrium constant K (=1/Kd). Data were fit implicitly to eq 6 using the Scientist program (Micromath Scientific
Software)
(6)

𝑠𝑠̅app =

𝐴𝐴𝐴𝐴�M2,f � + 𝐵𝐵
1 + 𝐾𝐾�M2,f �

where K is an apparent association constant, [M2,f] is the concentration of free MutL dimer, [M2,f] = [M2,T]/(1
+ K[Df]), [Df] is the concentration of free DNA, equal to [DT]/(1 + K[M2,f]), A is the sedimentation coefficient of the
MutL–DNA complex, and B is the sedimentation coefficient of free DNA.

Results
Assembly State of MutL

One goal of these studies was to determine a set of solution conditions that will allow us to study both MutL and
UvrD separately and together in the presence and absence of a suitable DNA substrate. Toward this end, we
performed a series of sedimentation velocity experiments to evaluate the oligomeric state of MutL in a variety
of buffers and at a variety of protein concentrations. In the absence of DTT or 2-mercaptoethanol, we observed
that a substantial fraction of MutL became covalently cross-linked via disulfide bond formation as detected by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (data not shown). This cross-linking can be reversed
by treatment with DTT or 2-mercaptoethanol (at millimolar concentrations). For this reason, all further
experiments were performed in the presence of 1 mM 2-mercaptoethanol. Previous experiments by our
laboratory that characterized the self-association properties and helicase activity of UvrD were performed in a
Tris buffer.(28, 29, 59) Therefore, we first investigated the self-association properties of MutL under these same
solution conditions, but including 1 mM 2-mercaptoethanol [buffer TGN10/20/20 (Table 1)]. Under these
conditions, MutL displays a very broad and nonsymmetrical c(s) distribution (Figure 1). Analysis of the c(s)
distribution(49, 50) in buffer TGN10/20/20 suggests that MutL exists as a heterogeneous mixture of species with
sedimentation coefficients ranging from ∼4.5 S (<8% of all species) for the smallest species to 10–55 S for larger
species (Figure 1A). Under these conditions, we estimate a weight-average sedimentation coefficient (s̅20,w) of
29.1 S at 2 μM MutL (total monomer concentration). With increasing NaCl concentrations in the TGN buffer
from 20 to 100 mM, s̅20,w decreased to 17.8 S at the same protein concentration, with approximately 28% of the
MutL having an s20,w of 4.5 S, indicating a reduction in the average size of the oligomeric species (Figure 1A).

Figure 1. Continuous sedimentation coefficient distribution c(s) analysis of MutL. MutL was dialyzed extensively
into different buffers: TGN 10/20/20, TGN 10/20/100, buffer M, buffer M20/20, buffer M+Tris (Table1). Dialyzed
protein was sedimented at 30,000 rpm at a loading concentration of 2 μM monomer at 25 °C (A) or 3.2 μM
monomer at 5 °C (B). The absorbance scans were collected at 280 nm and analyzed using Sedfit, which
approximate the mixture of macromolecular species as a system of noninteracting species with weight average
frictional coefficient ratio (f/fo)w.
We next examined a buffer used by the Modrich laboratory (39) to study the MutL assembly state by sucrose
gradient centrifugation and that we use to store our MutL preparations. This buffer (Buffer M, Table 1) contains
50 mM potassium phosphate (pH 7.4 at 25 °C), 50 mM KCl, 0.1 mM EDTA, 1 mM 2-mercaptoethanol. In Buffer M
(25 °C), the c(s) distribution displayed one major symmetrical peak with s20,w = 5.18 ± 0.03 S (Figure 1A),
suggesting that MutL exists primarily as a single species (97% ± 2%). Therefore, the solution conditions have a
profound influence on the self-association properties of MutL. Buffer M contains potassium instead of sodium
and phosphate instead of Tris and does not contain any glycerol. To assess the effect of individual buffer

constituents on the assembly state of MutL, we performed centrifugation experiments while systematically
varying each component (Figure 1B and data not shown).
In the presence of 20% (v/v) glycerol and 20 mM NaCl in potassium phosphate buffer (buffer M20/20, Table 1),
MutL displayed c(s) distribution profiles similar to its behavior in Buffer M (see Figure 1B and Figure 5B for
experiments at 5 and 25 °C, respectively). In buffer M20/20 at 5 °C, the c(s) distribution shows a major
symmetrical peak at s20,w ∼ 4.5 S (96% of total protein) and a minor peak at s20,w ∼ 7.4 S (3.5%), as well as minute
quantities (0.06%) of some larger species suggesting that the glycerol and NaCl in buffer TGN 10/20/20 do not
facilitate MutL aggregation (see below and Figure 5). Replacing potassium phosphate with sodium phosphate at
pH 7.4 (buffer N20/20, Table 1) also does not affect the self-association properties of MutL (s̅20,w = 4.60 ± 0.02 S,
data not shown). Increasing the pH of buffer M from 7.4 to 8.3 also did not influence the sedimentation
properties of MutL significantly (s̅20,w = 4.79 ± 0.02 S, with ∼6% of protein sedimented with higher s20,w, data not
shown). We also observed that lower temperatures reduced further aggregation of MutL, such that, even in
Buffer TGN 10/20/20 at 5 °C around 32% of the protein sedimented with s20,w = 4.8 S at a concentration of 3.2
μM monomer (buffer TGN 10/20/20, compare Figure 1B and Figure 1A). Substitution of potassium phosphate in
buffer M with Tris (10 mM) (buffer M+Tris, Table 1) facilitated MutL self-assembly beyond the ∼4.5 S species
(Figure 1B). For example, in buffer M+Tris at pH 8.3 (value of pH at 25 °C) 94% of MutL sedimented with
s20,w from 7.5 S – 45 S (s̅20,w = 16.5 S), whereas at pH 7.4 (value of pH at 5 °C) around 62% of MutL sedimented at
s20,w = 5.6 S with the rest of the protein sedimenting as a distribution of larger species (∼ 9 to 50 S), with s̅20,w =
9.4 S (Figure 1B).
These experiments suggest that it is primarily the presence of PO43– in buffer M that shifts the distribution of
MutL oligomeric species to favor the smaller species. To estimate the molecular weight of this smallest MutL
species, we analyzed the sedimentation velocity experiments by NLLS methods using SEDFIT (see Materials and
Methods).(49) From the best fit values of sedimentation and diffusion coefficients, the molecular weight can be
estimated using the Svedberg equation (eq 3in Materials and Methods). The absorbance profiles were analyzed
according to a two-species model, to account for a small amount (up to 3%) of a higher-order oligomeric species
present in the MutL population, returning an Mapp of 112 ± 5 kDa for the major species, suggesting a dimeric
form of MutL (predicted molar mass of the MutL dimer equal to 135.8 kDa). Additional experiments showed no
dependence of s̅20,w on MutL concentration (Figure 2A), indicating that over the range studied (0.25–4 μM
monomer) MutL exists as a single species, with an s̅20,w of 5.20 ± 0.08 S. On the basis of this value, we estimate a
frictional coefficient ratio, f/fo, of 1.58 ± 0.02 using eq 4 (Materials and Methods), where f/fo is the ratio of the
frictional coefficient of the macromolecule to the frictional coefficient of a hydrated sphere with an identical
molecular mass. This suggests that the MutL dimer is highly asymmetric under these solution conditions.

Figure 2. Weight-average sedimentation coefficient, s̅20,w, of MutL as a function of protein concentration (A) or
AMPPNP concentration included in the buffer (B). Sedimentation velocity experiments were performed at 25 °C
at different MutL concentrations (0.25–3.94 μM monomer loading concentrations) in buffer M (●) or buffer M
with 1 mM MgCl2 and 35 μM AMPPNP (▲) (A) or at a 1.75 μM MutL dimer loading concentration in buffer M
with 1 mM MgCl2 and different AMPPNP concentrations (B). The absorbance scans were collected at 280 or 230
nm (A) and at 292 nm (B) and analyzed using SEDFIT to obtain c(s) distributions, which were integrated
yielding s̅20,w. The smooth curve in panel B is a simulation using the best fit parameters derived from NLLS

analysis of the isotherm to a model assuming two identical and independent binding sites for AMPPNP on a
single MutL dimer (eq 5 in Materials and Methods).
MutL possesses a weak ATPase activity that is stimulated several-fold by ssDNA.(24) It has been suggested that
the binding of AMPPNP, a nonhydrolyzable ATP analogue, would induce a partial folding and dimerization of the
N-terminus of MutL.(38) We therefore examined the effect of AMPPNP on the self-association properties of
MutL using sedimentation velocity. MutL was dialyzed into buffer M, containing 1 mM MgCl2, and then
equilibrated with AMPPNP (35 μM) for 1 h at 25 °C before centrifugation. The addition of AMPPNP
increased s̅20,w from 5.20 ± 0.08 to 5.71 ± 0.08 S, in a manner independent of MutL concentration (Figure 2A).
Using SEDFIT, a molecular mass of 112 ± 6 kDa was calculated for MutL, which is identical (within our
uncertainty) to the value estimated in the absence of AMPPNP and MgCl2. Experiments performed in buffer M
with 1 mM MgCl2 yielded an s̅20,w that was similar to the value determined in the absence of AMPPNP and MgCl2.
Therefore, the increase in s20,w is solely due to AMPPNP binding to MutL (Figure 2B and data not shown). These
results suggest that AMPPNP binding does not affect the oligomeric state of MutL, but rather its hydrodynamic
shape such that the dimer becomes more compact, with an f/fo of 1.45 ± 0.02.
To estimate the apparent affinity of AMPPNP for the MutL dimer, we performed a series of sedimentation
velocity experiments at a constant MutL protein concentration (1.75 μM dimer loading concentration) as a
function of AMPPNP concentration (buffer M with 1 mM MgCl2). Figure 2B shows that s̅20,w increases with
AMPPNP concentration. NLLS analysis of the data using a model that assumes two identical and independent
AMPPNP binding sites per MutL dimer (eq 5 in Materials and Methods) yields a binding constant of (3.9 ± 1.1) ×
104 M–1.
To further test whether the predominant assembly state of MutL is a dimer in its apo and AMPPNP/Mg2+-bound
form, we performed sedimentation equilibrium studies in buffer M (Figure 3). Experiments were conducted at 5
°C to suppress aggregation of MutL beyond the smallest oligomeric state during the extended time of these
experiments. Data were obtained at four rotor speeds (12000, 15000, 19000, and 23000 rpm) and several MutL
loading concentrations. The data were first analyzed individually by nonlinear, least-squares (NLLS) methods
using a single-ideal species model [n = 1 in eq 1 (Materials and Methods)] to estimate the weight-average
buoyant molecular mass [M� b = M� (1 – υ̅ρ)]. At each loading concentration, the resulting M� b was equal to that
expected for a MutL dimer (Figure 3). Similar results were obtained for MutL dialyzed against buffer M with 1
mM MgCl2 in the presence of 35 μM AMPPNP (data not shown). All of the data were then fit globally by NLLS
methods, using a single-ideal species model [n = 1 in eq 1 (Materials and Methods)] and assuming a partial
specific volume (υ̅5 °C) of 0.7329 mL/g for MutL (estimated from the amino acid composition of MutL(47) and
eq 2). Representative data sets obtained in buffer M (1.9, 0.95, and 0.475 μM monomer) and buffer M with 35
μM AMPPNP and 1 mM MgCl2 (2.77, 1.38, and 0.69 μM monomer) are shown in panels A and B of Figure 4,
respectively. For apo MutL, the calculated molar mass (M = 130.5 ± 3.0 kDa) is only ∼4% lower than that
expected for the MutL dimer (MMutL2 = 135.8 kDa). Similar results were obtained in buffer M with 1 mM
MgCl2 and 35 μM AMPPNP, with a calculated molar mass of 131.9 ± 4.2 kDa (predicted MMutL2–AMPPNP = 136.8
kDa). These results are consistent with MutL being a stable dimer with an extended shape, which becomes more
compact upon binding a nonhydrolyzable ATP analogue.

Figure 3. Weight-average buoyant molecular mass, M� b, of MutL as a function of protein concentration. Mb was
determined with sedimentation equilibrium experiments performed at 5 °C at three rotor speeds (12000, 15000,
and 19000 rpm) in buffer M [50 mM potassium phosphate (pH 7.4 at 25 °C), 50 mM KCl, 0.1 mM EDTA, and 1
mM 2-mercaptoethanol]. Each protein concentration distribution was fitted to a single-ideal species model [n =
1 in eq 1 (Materials and Methods)]. Values of Mb expected for the MutL monomer and dimer are indicated by
dotted lines and calculated assuming monomer M = 67923.95 g/mol and υ̅5 °C = 0.7329 mL/g, based on the
amino acid sequence of MutL.

Figure 4. Sedimentation equilibrium data indicate that MutL is a stable dimer. Experiments were performed for
three different MutL concentrations indicated on the plot (total monomer loading concentration) at three or
four rotor speeds (12000, 15000, 19000, and 23000 rpm) at 5 °C in buffer M (A) or buffer M with 1 mM
MgCl2 and 35 μM AMPPNP (B). The smooth curves overlying the data are simulations using the best fit
parameters resulting from a global NLLS fit of all data sets to a single-species model with residuals shown below
the plots.
Unfortunately, in buffer M, UvrD forms large complexes that cannot be studied easily in the centrifuge. The
distribution of UvrD assembly states is sensitive to NaCl and glycerol concentrations.(28, 60) However, we have
been able to determine a set of conditions in which the assembly states of both UvrD and MutL can be studied
that supports helicase activity [buffer M20/20 (Table 1)]. Sedimentation equilibrium experiments with MutL
were therefore repeated in buffer M20/20 at 25 °C, at four rotor speeds (12000, 15000, 19000, and 23000 rpm)
and three MutL concentrations (2.64, 1.32, and 0.66 μM monomer loading concentrations) (Figure 5A). These
data were fit globally to a single-ideal species model (Materials and Methods) returning an M of 120.0 ± 5.7 kDa,
which is ∼9–11% lower than that expected for a MutL dimer (Figure 5A). Models taking into account
hydrodynamic nonideality or monomer–dimer self-association equilibrium did not improve the quality of the fit,
and parameters were not constrained (not shown). However, we noticed that M� b deviated to a larger extent at
higher rotor speeds (longer centrifugation time) and higher MutL concentrations. This observation prompted us
to repeat the NLLS fitting for concentration profiles obtained at the two lowest rotor speeds, which yielded
an M of 130.2 ± 6.9 kDa, which is the value expected for the MutL dimer. This result suggests that there is some

MutL heterogeneity in buffer M20/20. To further test this idea, we conducted sedimentation velocity studies in
buffer M20/20.(50, 61) The c(s) distribution calculated for MutL in buffer M20/20 at 25 °C exhibited one main
peak with a symmetrical shape at an s20,w of 4.75 ± 0.02 S (Figure 5B), although an additional minor species
(∼4%) with a broad peak at an s20,w of ≈7.6 ± 0.2 S was also present. The s̅20,w, calculated by integration of c(s)
over both peaks, increases slightly with increasing MutL concentrations with an average value of 4.88 ± 0.04 S
(Figure 5C), yielding an f/fo of 1.69 ± 0.01. We conclude that in buffer M20/20 at 25 °C MutL is an elongated
dimer, accompanied by a minor population (4%) of larger aggregates that are not in equilibrium with the dimeric
form under the conditions and over the time intervals used in our experiments.
Figure 5

Figure 5. MutL is a dimer in buffer M20/20. (A) Sedimentation equilibrium experiments were performed for
three MutL concentrations (2.64, 1.32, and 0.66 μM monomer) at four rotor speeds (12000, 15000, 19000, and
23000 rpm) at 25 °C in buffer M20/20. The smooth curves overlying the absorbance data collected at a
wavelength of 280 nm are simulations using the best fit parameters resulting from the global NLLS fit of all data
sets to a single-species model with residuals shown below the plot. (B) c(s) distribution for MutL (3.16, 2, 1.6,
0.6, and 0.32 μM monomer) in buffer M20/20 at 25 °C. The absorbance scans were analyzed using SEDFIT. (C)
Weight-average sedimentation coefficient, s̅20,w, as a function of MutL concentration (micromolar monomer).
Values of s̅20,w were obtained by integration of c(s) curves.

Assembly State of MutL Bound to DNA

Recent genetic and biochemical data strongly suggest that DNA binding by MutL is required for MMR in vivo.(6,
62) Furthermore, MutL has been shown to stimulate the helicase activity of UvrD.(22, 26, 62) DNA binding of
MutL has been investigated previously using an electrophoretic mobility shift assay, nitrocellulose filter binding,
and surface plasmon resonance and by following the stimulation of the ATPase activity of MutL in the presence
of a DNA cofactor.(7, 9, 25, 26, 38, 62-64) Here we investigated the DNA binding properties of MutL on the DNA
substrate that we have used previously to study the helicase activity of UvrD(20, 29, 30, 34) using sedimentation
velocity and equilibrium techniques. The DNA consisted of an 18 bp duplex possessing a 3′-dT20 tail with a Cy3
chromophore attached covalently to the blunt DNA end via the 5′-end [3′(dT20)-ds18-Cy3]. Using the Cy3 label as
a reporter, one can monitor the sedimentation profile of the DNA via the absorbance of the Cy3 chromophore
(at 550 nm) without interference from MutL. Experiments were performed at different ratios of MutL dimer to
DNA in buffer M20/20 at 25 °C (Figure 6).

Figure 6. Sedimentation velocity (A and B) and sedimentation equilibrium (C) study of the binding of MutL dimer
(M2) to a Cy3-labeled DNA unwinding substrate [a 3′(dT20)-ds18 DNA with a Cy3 fluorophore attached to the 5′end of the bottom strand of the duplex, depicted schematically]. Experiments were performed in buffer M20/20
at 25 °C using a total loading Cy3-DNA concentration of 1.38 (A) or 1.2 μM (C). The absorbance profiles of Cy3
were monitored at 550 nm. (A) Sedimentation velocity experiments were performed at 42000 rpm. Continuous
sedimentation coefficient distribution c(s) of Cy3-DNA in the presence of increasing MutL dimer concentrations
(loading molar ratios of MutL dimer to DNA of 0, 0.25, 0.5, 1, 1.37, 2, and 2.59). Sedimentation coefficients are
apparent, without correction to the standard conditions. Weight-average sedimentation coefficients obtained
by integration of area under the c(s) are depicted in panel B as a function of the MutL dimer:DNA concentration
ratio. The smooth curve is a simulation using the best fit parameters derived from NLLS analysis of the data to a
simple Langmuir isotherm [apparent binding constant of (34 ± 4.3) × 104 M–1 (eq 6 in Materials and Methods)].
(C) Cy3 absorbance profile for a representative sedimentation equilibrium experiment conducted in a 2.34-fold
molar excess of MutL dimer over Cy3-DNA at 12000, 15000, 18000, 22000, and 27000 rpm. Data were analyzed
by NLLS analysis using a model that assumed the presence of two sedimenting species in solution, one
corresponding to the free Cy3-DNA and the other corresponding to DNA bound in complex with MutL dimer [n =
2 in eq 1 (Materials and Methods)]. The buoyant molecular mass of the free Cy3-DNA was fixed at a value of
6.66 ± 0.22 kg/mol, which was obtained experimentally under the same conditions. A best fit value of buoyant
molecular mass of the MutL–DNA complex equal to 39.605 ± 0.460 kg/mol was obtained from NLLS analysis,
which is in reasonable agreement with a theoretical buoyant molecular mass of a single MutL dimer bound to a
Cy3-DNA molecule (35.56 kg/mol). Smooth curves overlaying the data are simulations using best fit parameters
with residuals shown below the plots.
The resulting uncorrected c(s) distributions(50, 65) show two well-resolved, symmetrical peaks at 1.15 ± 0.02
and 2.35 ± 0.03 S (Figure 6A). The position of the second peak did not change with increasing MutL
concentration, suggesting that they represent distinct MutL–DNA species.(66, 67) The first peak at 1.15 ± 0.02 S
represents free DNA (black curve, Figure 6A). The second peak near 2.35 S represents MutL–DNA complexes. An
apparent binding isotherm was constructed by plotting the weight-average sedimentation coefficient as a
function of the molar ratio of the MutL dimer to DNA (Figure 6B).(52, 68) This binding isotherm was analyzed
assuming that a single MutL dimer binds to each DNA substrate (see below), yielding an apparent binding
constant of (34 ± 4.3) × 104 M–1 (eq 6 in Materials and Methods). The smooth curve in Figure 6B is a simulation
using the best fit parameters derived from the NLLS fit of the data to a 1:1 binding isotherm. These data suggest
that MutL has a low affinity for DNA and does not bind stoichiometrically under our experimental conditions
(i.e., not all added MutL forms a complex with the DNA).

To determine the molecular mass of the MutL–DNA complex corresponding to the 2.35 S species, we performed
a sedimentation equilibrium experiment. Figure 6C shows a representative set of concentration profiles
collected in buffer M20/20 at 25 °C at five different rotor speeds for a 2.34-fold molar excess of MutL dimer over
3′(dT20)-ds18-Cy3. These absorbance profiles were analyzed using a two-species model, one corresponding to
the free Cy3-labeled DNA and the other to a MutL–DNA complex. The buoyant molecular mass (Mb) of the Cy3DNA molecule was fixed at 6.66 ± 0.22 kg/mol based on independent sedimentation equilibrium experiments
performed with free DNA (Materials and Methods). From NLLS analysis of the data in Figure 6C, we obtain a best
fit Mb value of 39.61 ± 0.46 kg/mol for the MutL–DNA complex. This value is only slightly higher than the
buoyant molecular mass expected for a single MutL dimer bound to the Cy3-DNA molecule (M2D) [Mb,M2D =
35.56 kg/mol (Materials and Methods)]. When the experiment was repeated at a 1.25-fold molar excess of the
MutL dimer over DNA, we obtained an Mb of 39.16 ± 0.76 kg/mol, similar to the value obtained at higher molar
ratios. Including an additional species in the NLLS analysis did not improve the quality of the fit and resulted in
unconstrained fitting parameters (data not shown). Thus, over the concentration range studied, these results
indicate that a single MutL dimer binds to a 3′(dT20)-ds18 DNA.
On the basis of the stoichiometry of the MutL–DNA complex (M2D), we calculated a weight-average partial
specific volume, υ̅MutL2–DNA, of 0.7237 mL/g at 25 °C (eq 2 in Materials and Methods) for a single MutL dimer
bound to the DNA. This can be used to correct the value of the apparent sedimentation coefficient of the M2D
complex to standard conditions [s20,w (see Materials and Methods)] and to obtain an estimate of the frictional
coefficient ratio for the M2D complex (eq 4 in Materials and Methods). For the MutL dimer bound to the
3′(dT20)-ds18-Cy3 DNA, we obtain an s20,w of 5.00 ± 0.06 S and an f/fo of 1.90 ± 0.02, which suggests that the M2D
complex is quite asymmetric.

MutL–DNA Complexes in the Presence of AMPPNP

It was reported previously that MutL displays enhanced DNA binding activity in the presence of AMPPNP.(6, 26,
38, 62) An apparent binding constant of 4 × 107 M–1 was measured for MutL binding to DNA (93-nucleotide
primer annealed to M13 ssDNA) in 25 mM Tris (pH 7.5 at 22 °C), 20 mM NaCl, 3 mM MgCl2, 5 mM 2mercaptoethanol, and 50 μg/mL BSA, whereas a 10-fold higher binding constant of 36 × 107 M–1 was measured
in the presence of 3 mM AMPPNP.(26, 62) Moreover, it was suggested that an ATP-bound form of MutL
continuously loads UvrD onto a DNA substrate.(6, 21) In light of these results, and considering the AMPPNPinduced conformational change in MutL (see above), it was of interest to study the hydrodynamic properties
and stoichiometry of the ternary MutL–AMPPNP–DNA complex. Sedimentation velocity experiments were
performed at different ratios of MutL to 3′(dT20)-ds18-Cy3 DNA in the presence or absence of 0.4 mM AMPPNP
in buffer M20/20 at 25 °C (Figure 7).

Figure 7. Sedimentation velocity study of binding of MutL dimer to a 3′(dT20)-ds18 DNA. Experiments were
performed at 25 °C using a total loading Cy3-DNA concentration of 1.4 μM as a function of MutL dimer
concentration in M20/20 (buffer), with 1 mM MgCl2 (+1 mM MgCl2), or in M20/20 with 1 mM MgCl2 and 0.4 mM
AMPPNP (+1 mM MgCl2+0.4 mM AMPPNP). The DNA concentration profiles were recorded by monitoring the
absorbance of Cy3 at 550 nm. (A) Sedimentation velocity experiments were performed at 42000 rpm.
Representative c(s) distribution of Cy3-DNA in the presence of 1.4 μM MutL dimer (M2:D molar ratio of 1).

Sedimentation coefficients are not corrected to the standard conditions. (B) Weight-average sedimentation
coefficient as a function of the molar ratio of MutL dimer to DNA. The smooth curves are simulations using the
best fit parameters derived from NLLS analysis of the data to a simple Langmuir isotherm and assuming that the
plateau corresponds to the apparent s value for the MutL–DNA complex [+MgCl2, 2.36 ± 0.02 S, apparent
binding constant of (19 ± 1.8) × 104 M–1; +MgCl2+AMPPNP, 2.82 ± 0.02 S, apparent binding constant of (38 ± 2.5)
× 105 M–1 (eq 6 in Materials and Methods)].
A representative data set obtained at a ratio of 1 MutL dimer per DNA is shown in Figure 7A. Plotting the s̅app as
a function of MutL concentration in the presence or absence of 0.4 mM AMPPNP shows that AMPPNP enhances
the affinity of MutL for 3′(dT20)-ds18-Cy3 DNA (Figure 7B) and yields an apparent binding constant of (38 ± 2.5) ×
105 M–1 (eq 6 in Materials and Methods). In the absence of AMPPNP, binding of MutL to DNA is 20-fold weaker
with an apparent binding constant of (1.96 ± 0.2) × 105 M–1 (Figure 7B). These results show that the increased
level of M2D complex formation is due to AMPPNP binding to MutL. MutL, in the presence of both Mg2+ and
AMPPNP, forms a stable, well-defined protein–DNA species, because the position of the peak reflecting the
MutL–DNA complex does not change with increasing protein concentrations (data not show). Analogous
behavior was also observed in buffer M20/20 (Figure 6A), which suggests that the MutL–DNA equilibrium
dynamics are slow in comparison to the time scale of sedimentation velocity.(52, 66, 67) In the presence of 1
mM MgCl2 in buffer M20/20, for all MutL concentrations studied the c(s) distributions show two well-resolved
and symmetrical peaks centered at 1.14 ± 0.02 and 2.36 ± 0.02 S (Figure 7A), consistent with what was observed
in buffer M20/20 (Figure 6A), suggesting that a single MutL dimer binds per 3′(dT20)-ds18-Cy3 DNA. The values of
the sedimentation coefficients corrected to standard conditions are as follows: s20,w = 2.23 ± 0.02 S for DNA,
and s20,w = 5.02 ± 0.05 S for the M2D complex (similar to the values in buffer M20/20, suggesting a similar
hydrodynamic shape for both macromolecular species).
In the presence of 1 mM MgCl2 and 0.4 mM AMPPNP (buffer M20/20), the two well-resolved and
symmetrical c(s) peaks are centered at 1.16 ± 0.01 and 2.82 ± 0.02 S (Figure 7A and data not shown), which upon
correction to standard conditions yields s20,w values of 2.25 ± 0.03 S for DNA and 5.99 ± 0.05 S for the MutL–
DNA–AMPPNP ternary complex (M2D–AMPPNP). The s20,w for the M2D–AMPPNP complex is higher than that of
the M2D complex in the presence and absence of Mg2+. The calculated frictional coefficient ratio
(eq 4 in Materials and Methods) for the ternary complex is 1.61 ± 0.01, which is lower than the value in the
absence of nucleotide [1.90 ± 0.02 (see above)], suggesting that the M2D complex becomes more compact upon
AMPPNP binding.(24, 38) Sedimentation velocity experiments performed at a 1:1 molar ratio of MutL dimer to
Cy3-DNA (buffer M20/20 with 1 mM MgCl2), as a function of AMPPNP concentration (Figure 1 of the Supporting
Information), show that the concentration of the nucleotide cofactor used in our studies (400 μM) is saturating.
Data in Figure 1 of the Supporting Information were analyzed using a model that assumes two identical and
independent AMPPNP binding sites per MutL dimer (eq 5 in Materials and Methods), returning an apparent
binding constant of (7.0 ± 2.8) × 104 M–1.

Discussion
Knowledge of the assembly state of any enzyme is needed to fully understand the molecular mechanism of its
function and to facilitate interpretation of the thermodynamics of its interactions with its substrates and
cofactors. In previous studies, a range of assembly states of full-length MutL has been observed using a variety
of approaches, including glycerol gradient centrifugation, gel filtration chromatography, and dynamic light
scattering techniques.(7, 39) In 50 mM potassium phosphate (pH 7.4), 50 mM KCl, 0.1 mM EDTA, and 1 mM DTT
at 3 °C, MutL was found to have an s20,w of 5.5 S and a Stokes radius of 61 Å, suggesting a dimer with an
asymmetric shape (f/fo = 1.8).(39) Dynamic light scattering experiments performed at 24 °C in 20 mM Tris (pH
8.0), 200 mM KCl, 5 mM MgCl2, 1 mM DTT, and 0.1 mM EDTA suggested that MutL has a Stokes radius of 86 Å

that decreases to 56 Å upon binding of AMPPNP.(7) The dimensions of the MutL dimer calculated from these
two studies differ substantially. This difference could result from differences in protein concentration or solution
conditions (i.e., buffer composition and/or temperature) used in the two studies. Changes in any of these
parameters can potentially influence the MutL assembly state as we have shown here.

MutL Can Self-Associate To Form Higher-Order Oligomeric Species

Our sedimentation velocity analysis of MutL shows that solutions without phosphate promote MutL to selfassociate into larger heterogeneous oligomeric species. The extent of MutL heterogeneity and the average size
of the species formed were both reduced at lower temperatures, lower protein concentrations, and higher NaCl
concentrations. Ban and Yang(24) noted previously that full-length MutL “tends to aggregate”, although this
self-association process was not studied further.
The structure of the MutL C-terminal 20 kDa domain shows a dimer, whereas the N-terminal domain is
monomeric in the absence of nucleotide but forms a dimer when bound to AMPPNP.(24, 38) A model based on
the crystal structures proposes that MutL forms a stable dimer through its C-terminal domains connected to
their respective N-terminal domains by unstructured linkers that undergo ATP-dependent conformational
changes leading to communication with MutS and MutH during mismatch repair.(7) The propensity of MutL to
self-associate beyond a dimer may be due to the partially unfolded and “monomeric” state of the N-terminal
domain.(38) The observation that the MutL–AMPPNP complex forms more stable dimers in
solution(24) supports this idea. Interestingly, in buffer M (Table 1) for monomer loading concentrations of 0.2–5
μM, we detect only dimers of MutL (Figures 2 and 3). Furthermore, MutL remains dimeric over a similar
concentration range in buffer M containing 10 mM to 1 M KCl or in the presence of 20% (v/v) glycerol,
suggesting that a dimer is a stable oligomeric state of MutL. Buffer M was used previously by Modrich and coworkers for purification, storage, and preliminary characterization of MutL,(39) and our results are consistent
with their studies of the MutL assembly state under these conditions.
The dimeric state of MutL observed in buffer M is in sharp contrast to the highly heterogeneous distribution of
multimeric species observed in Tris buffers. Our sedimentation velocity experiments suggest that the presence
of phosphate at pH 7.4 stabilizes the MutL dimer relative to these higher-order aggregates. Because MutL is an
ATPase, it is possible that PO43–, which is one of the products of ATP hydrolysis, binds to the ATP binding pocket
and stabilizes the disordered surfaces in apo MutL, such that the protein is no longer prone to further selfassociation beyond a dimer. Even if this is the case, the N-termini of MutL do not fully fold and/or dimerize in
buffer containing potassium phosphate as it is observed only upon AMPPNP binding.
Monovalent cations such as sodium and potassium may also contribute to MutL stability by stabilizing the
conformation of the ATP pocket lid. In addition to magnesium, which is essential for catalysis, a potassium ion is
observed to be bound adjacent to the triphosphate moiety of ADPNP in the crystal structure of the N-terminal
40 kDa fragment of MutL.(69) The potassium ion is coordinated by four carbonyl oxygen atoms that originate
from amino acids located at the N-terminal hinge of the ATP lid, and a water molecule, such that the
monovalent cation may stabilize the ATP pocket lid.(69)

Hydrodynamic Properties of MutL Dimers

We performed both sedimentation velocity and equilibrium experiments over a wide range of MutL
concentrations (0.25–5 μM monomer), under identical solution conditions in the absence and presence of the
nonhydrolyzable ATP analogue, AMPPNP. Analysis of the sedimentation equilibrium data unequivocally shows
that apo and AMPPNP-bound MutL are dimeric in buffer M (5 and 25 °C). From the sedimentation coefficient of
MutL (s̅20,w = 5.20 ± 0.08 S for nucleotide free and s̅20,w = 5.71 ± 0.08 S for AMPPNP-bound MutL dimer), we can
calculate the f/fo ratio (eq 4 in Materials and Methods),(28, 53, 54) which reflects the overall shape of the
protein.(52, 70) For apo and AMPPNP-bound MutL, these differ substantially with f/fo values of 1.58 ± 0.02 and

1.45 ± 0.02, respectively. These values indicate that both dimers are highly extended and/or possess disordered
and/or unfolded regions.(53, 70, 71) However, when AMPPNP binds, the overall shape of the MutL dimer
changes. In light of the available crystal structures of the N-terminal fragment of MutL, we suggest that this
reflects the folding and dimerization of the partially disordered monomeric N-termini of the MutL dimer,
resulting in a more compact structure. Similar hydrodynamic parameters for the MutL dimer were obtained in
buffer M20/20 (s̅20,w = 4.88 ± 0.04 S, and f/fo = 1.69 ± 0.01). Our results are in good agreement with values
reported by Modrich and co-workers.(39) The differences between those results and other studies(7) are likely
due to the lack of phosphate in the latter experiments, conditions that we have shown here to facilitate further
aggregation of MutL beyond a dimer.

Stoichiometry and Hydrodynamic Properties of a MutL–DNA Complex

We also examined the stoichiometry of MutL bound to 3′(dT20)-ds18 DNA in buffer M20/20 with or without 1
mM MgCl2 as well as in the presence of 1 mM MgCl2 and 0.4 mM AMPPNP. With a 2.5-fold molar excess of MutL
dimer over DNA, we detect a single species composed of one MutL dimer bound to one DNA molecule. In the
presence of 1 mM MgCl2, s20,w = 5.02 ± 0.05 S for the M2D complex, yielding an f/fo of 1.90 ± 0.02 (similar values
were obtained without MgCl2). In the presence of 1 mM MgCl2 and 0.4 mM AMPPNP, a distinct ternary complex
is formed with an s20,wof 5.99 ± 0.05 S, yielding an f/fo of 1.61 ± 0.01. Our results suggest that upon binding
AMPPNP, the highly asymmetrical M2D complex becomes more compact, likely because of the folding and
dimerization of the N-termini of MutL and concomitant closure of the central channel possibly encircling the
DNA. This conformational change has not previously been observed, although it was postulated on the basis of
molecular modeling of full-length MutL.(7, 38)
Although in buffer M20/20 MutL binds weakly to 3′(dT20)-ds18 DNA [apparent binding constant of (34 ± 4.3) ×
104 M–1], and the presence of 1 mM MgCl2 further weakens the interaction (∼2-fold), in the presence of 0.4 mM
AMPPNP and 1 mM MgCl2, the level of binding increases by 1 order of magnitude [apparent binding constant of
(38 ± 2.5) × 105 M–1]. In the crystal structure of the dimeric N-terminal MutL fragment bound to AMPPNP, a
deep, saddle-shaped groove with high positive electrostatic surface potential is formed between two subunits
that can accommodate ssDNA.(38) It was proposed that this saddle constitutes a DNA binding site, and this
proposal is supported by mutational analysis.(6, 25, 38, 62) Previous filter binding studies performed in 25 mM
Tris (pH 7.5), 100 mM NaCl, 3 mM MgCl2, 5 mM 2-mercaptoethanol, and 3 mM AMPPNP at 37 °C estimated a
binding constant of 24 × 104 M–1 for MutL binding to a 50 bp duplex with a 20-nucleotide 3′-overhang.(62) In our
studies, we have measured an apparent binding constant of (38 ± 2.5) × 105 M–1 for MutL binding to an 18 bp
duplex with a 3′-(dT)20 tail (Cy3-labeled). These differences likely reflect differences in solution conditions, DNA,
and the methods employed for measuring affinity.
Recently, a computational analysis of all protein interfaces observed in the crystal structure of the C-terminal
domain of MutL was reported.(72) On the basis of this, it was suggested that the biologically relevant dimer
interface is different from that proposed in the original report,(7) leading to a revised model of full-length
MutL(72) that seems compatible with the results of cross-linking experiments. Deletion of the 10 C-terminal
amino acid residues of MutL, which form part of the interface in the revised dimer, inhibits dimer formation
based on gel filtration experiments.(72) In another study, a dimeric structure for a similar deletion was observed
in both gel filtration and analytical ultracentrifugation experiments,(21) which would suggest that the originally
proposed interface is correct. The origin of this discrepancy is not clear, although it may be that the high salt
concentration (500 mM NaCl and separation of MutL oligomeric species via size exclusion chromatography) used
in the former study(72) may facilitate dimer disruption. Our data show that MutL has an elongated
hydrodynamic shape that in principle agrees with both models. Mutagenic analysis of these predicted
dimerization interfaces is required to further probe the oligomeric nature of MutL.
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